Temperature can be harnessed to engineer unique properties for materials useful in various contexts, and has been shown to affect the layer-by-layer (LbL) assembly of polymer thin films and cause physical changes in preassembled polymer thin films. Herein, we demonstrate that exposure to relatively low temperatures (≤100 °C) can induce physico-chemical changes in cationic polymer thin films. The surface charge of polymer films containing primary and secondary amines reverses after heating (from positive to negative), and different characterization techniques are used to show that the change in surface charge is related to oxidation of the polymer that specifically occurs in the thin film state. This charge reversal allows for single-polymer LbL assembly to be performed with poly(allylamine) hydrochloride (PAH) through alternating heat/deposition steps. Furthermore, the negative charge induced by heating reduces the fouling and cell-association of PAH-coated planar and particulate substrates, respectively. This study highlights a unique property of thin films which is relevant to LbL assembly and bio-fouling, and is of interest for the future development of thin polymer films for biomedical systems.
INTRODUCTION
The layer-by-layer (LbL) assembly of polymers is a useful technique for preparing thin films with various chemical properties and physical characteristics. 1, 2 Each polymer layer is typically on the order of a few nanometers, which allows for thin, highly defined films to be engineered on a variety of substrates. 3, 4 Moreover, the LbL assembled films often retain the functionality of their constituent polymer layers, depending on the materials, technique, and interactions used for assembly. 1, 5 Electrostatic interactions are commonly used to assemble multilayer films, though other mechanisms, including hydrogen bonding, host-guest interactions, and click-chemistry can also be used. 5, 6 For electrostatic assembly, one polymer is positively charged and the other is negatively charged, therefore making multilayer films from a single charged polymer difficult due to the electrostatic repulsion of like-charged materials. 7 Single-polymer films are often useful due to the fact that their material properties can be dictated solely by the physico-chemical properties of the individual polymer, such as pH-dependent shrinkage and swelling, without issues such as polymer-polymer reactivity. 8 Generally, these single-polymer films are prepared by avoiding electrostatic interactions, and can be achieved by layering a hydrogen-bonding sacrificial polymer with the polymer of interest. The polymer of interest can be selectively crosslinked, and then the sacrificial polymer released by a specific trigger, such as a change in pH. 8, 9 A method for making single-polymer multilayer films without sacrificial layers is to use a covalent cross-linker, such as glutaraldehyde, to stabilize layers of polymer containing functional groups, like amines, although in both cases harsh crosslinking chemicals can modify or denature fragile cargo. [10] [11] [12] Herein, we utilize a recently explored property of thin films, where heat can affect the polymer in a thin film differently than the polymer in bulk solution, to facilitate single polymer LbL assembly and to engineer specific bio-nano interactions. Previous reports have shown that physical and chemical properties can be different for polymers in a thin film compared with the same polymer in bulk; for example the glass transition temperature of some polymers is significantly lower when assembled into a thin film when compared with the bulk polymer glass transition temperature. [13] [14] [15] A similar phenomenon was recently observed during LbL assembly methods that require heat to remove LbL coated particles from a thermo-responsive immobilizing matrix. 7, 10, 16 The act of heating (within or without an immobilizing matrix) caused the cationic polymer poly(allylamine) hydrochloride (PAH) to lose its inherent positive charge and become negative without any polymer desorption. 7, 10 In the current study, heat is similarly used to cause a reversal in the surface charge of cationic thin films composed of primary and secondary amines, and the structural and chemical changes of the polymer and thin film are investigated. Additionally, the reverse in surface charge is utilized to allow the adsorption of additional layers of polymer, whereby repeated heating/deposition steps allow for the LbL assembly of single-component polymer films (Figure 1) . This assembly process allows for LbL films, capsules and replica particles to be prepared from only PAH, while the reversal in surface charge also reduces protein adsorption onto planar films and reduces the binding of particles coated in the heat-prepared and treated LbL films. with organic material and should be handled carefully.] The substrate was then immersed in the PAH solution for 15 min, followed by three rinsing steps in ultrapure water. For particulate substrates, the particles were dispersed in polymer solution for 15 min, followed by three cycles of centrifugation (1000 g) and supernatant removal, and redispersion in ultrapure water. The substrates were then immersed (planar) or dispersed (particulate) in ultrapure water and placed in an oven set to 100 °C for 15 min, followed by immersion or dispersion into ultrapure water at room temperature. LbL assembly was accomplished by then repeating the deposition and heating steps. The calcined calcium carbonate (CaCO 3 ) template particles were dissolved using 50 mM sodium acetate (pH 4), while the silica (SiO 2 ) template particles were dissolved using 5 M HF.
[Caution! HF is extremely dangerous and should be handled carefully!] 2.2 Characterization. ζ-potential was measured by a Malvern Zetasizer Nano ZS, using the Malvern software. Samples were dispersed in ultrapure water before measuring. Proton NMR Olympus IX71 microscope equipped with a 60× objective lens. A CCD camera was mounted on the left-hand port of the microscope and fluorescence images were illuminated with an X-Cite module with fluorescein isothiocyanate (FITC) filters. Atomic force microscopy (AFM, Dimension 3100, Veeco, USA) measurements were conducted in tapping mode under ambient conditions. Transmission electron microscopy (TEM) images and energy dispersive X-ray spectroscopy (EDX) profiles were acquired by using a FEI Tecnai TF20 instrument equipped with a SDD detector for TEM. The electron beam was accelerated with an operation voltage of 200 kV. Differential scanning calorimetry (DSC) was measured using a DSC 6220N (SII Nano Technology, Inc.) at a heating rate of 10 °C min -1 in air or under a flow of nitrogen (50 mL min -1 ). PAH powders of ca. 5 mg were used for measurements.
Cellular Association and Protein Fouling.
Cellular association studies were performed by plating out triplicates of 50 000 JAWS II cells per well in Dulbecco's Modified Eagle's Medium in 24-well plates. Core-shell particles were then added into the wells with a particle-to-cell ratio of 10:1 or 100:1 and incubated for 2 h. After incubation free particles were washed off using phosphate buffered saline (PBS), and then trypsin was added, the cells were incubated for 10 min and then the free cells were washed into PBS three times by centrifuging at 500 g for 5 min. The washed cells were then placed into flow cytometry tubes and at least 3000 cells per well were analyzed using flow cytometry. Protein fouling was performed by immersing the PAH-coated QCM chips into 100% fetal bovine serum and incubating them at 37 °C for 15 min. The chips were then washed in ultrapure water, dried in a nitrogen stream, and the frequency recorded.
RESULTS AND DISCUSSION

Characterization of Thermally Induced Charge Reversal. Previous reports on heating
PAH multilayers prompted us to investigate the effect of heat on cationic polymers. PAH-coated SiO 2 template particle suspensions were heated at 100 °C for 15 min, and similar to what was shown in recent studies, the ζ-potential permanently became negative without any recovery (Figure 2A) . 7, 10 Temperatures lower than 100 °C also resulted in significant changes in the ζpotential, leading to negatively charged PAH films even at temperatures as low as 50 °C ( Figure   2B ). Charge changes at these lower temperatures may have implications for fields where the temperature is raised above room temperature, such as catalysis and drug delivery. Pre-heated bulk PAH had a similar ζ-potential (+35 mV) in comparison to non-heated PAH (+45 mV) after layering, suggesting that the polymer in bulk does not respond the same way to heat compared to when it is in a thin film, as has been demonstrated previously. 13 Additionally, it has been shown that even when PAH is in a film, the thickness of the film plays a significant role in determining the effects of heat, with the substrate contributing as a catalyst for thinner films. 15 The molecular weight of PAH (15 kDa and 58 kDa) did not make a significant difference to the charge reversal, and also the presence of salt did not make a difference, as desalted poly(allyl amine) 17 showed a similar charge reversal, both of which further suggested that the charge reversal was primarily dependent on the polymer being assembled into a thin film. The pH of the solution, however, did play an important role, with protonated PAH (pH 4) yielding the smallest change in ζ-potential (~30 mV), and deprotonated PAH (pH 10) yielding the largest change (~75 mV), while an intermediary change of ~60 mV was found after heating at neutral pH once the samples were returned to neutral pH through repeated wash steps. This suggested that a basic, deprotonated form was more favorable for the ζ-potential change. To confirm this hypothesis, other polymers containing primary (poly-L-Lysine, PLL), secondary and tertiary (poly-L-Histidine, PHIS), and quaternary (polydiallyldimethylammonium chloride, PDADMAC) amines were deposited on SiO 2 template particles and heated at 100 °C for 15 min. The ζ-potentials for the polymer thin films composed of primary and secondary amines became negative after heating, while the films composed of polymers containing quaternary amines remained positively charged, supporting the hypothesis that deprotonated amines with free electrons were required for the charge-reversal ( Figure 2C) . For all of the polymers containing primary and secondary amines, a second layer of polymer could be deposited after the heat treatment, causing a second charge reversal (from negative to positive) ( Figure 2C) . The charge reversal of the polymer suggested that the polymer was being oxidized, and it was confirmed that an abundance of oxygen, O 2 , was necessary to induce the change to a negative ζ-potential. PAH-coated SiO 2 particles did not change ζ-potential after being heated in dry dimethyl sulfoxide (DMSO) ( Figure 2) ; however, doping the DMSO with H 2 O (9:1, v/v) or O 2 (by bubbling oxygen through the DMSO for 10 s) before heating gave final ζ-potentials of -7 mV and -1 mV, respectively. Differential scanning calorimetry (DSC) confirmed that the presence of oxygen was critical in the process, as it took higher temperatures to change the heat flow in N 2 when compared to air (Figure S1) . Energy dispersive X-ray spectroscopy (EDX) was used to determine the nitrogen and carbon contents of the films before and after heating, and it was found that the nitrogen to carbon atomic ratio was roughly 1:3 before heating and 1:4 after heating (Figure S2 ). This ratio change was identical to the values observed in previous work on the oxidation of PAH films. 18 In combination with previously reported experiments, 13, 15 these data suggest that the charge reversal is due to oxidation, and moreover that the thin film state is crucial for this process as it is surface-confined.
Previous studies have shown that the brief heat treatment of LbL capsules can result in capsule shrinking or swelling, primarily from solvent exclusion resulting in either densification or electrostatic repulsion, depending on the film constituents. [19] [20] [21] [22] [23] However, the chemical changes of the polymers themselves had not been investigated. Colloidal mesoporous SiO 2 (110 nm) 24 was used to adsorb enough PAH to be on the lower limit of resolution for proton nuclear magnetic resonance ( 1 H-NMR), allowing NMR to be performed on the suspension, as has similarly been performed in previous reports. 25, 26 An NMR spectrum nearly identical to the literature was seen for the non-heated PAH, with the peak at 3.5 ppm corresponding to the protons from the carbon directly adjacent to the amine, while the peaks from 0.8 to 1.6 ppm correspond to the carbon backbone. 27 The chemical modification of the polymer from the thermal treatment was apparent from the decrease in the intensity of the peak at 1.6 ppm and the appearance of a new peak at 2.25 ppm, with the downfield shift potentially due to the presence of oxygen in the polymer ( Figure 3A) . Nevertheless, the most striking observation is that, similar to the EDX experiments, the ratio of carbon to nitrogen largely increased. Bulk PAH heated in solution was similar to the unheated PAH thin film, further confirming the necessity of having the polymer in the thin film state (Figure S3) . Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR) further suggested the conversion of the primary amines of PAH into other functional groups and potential cross-linkers through thermal oxidation (Figures 3B and S1) . A previous study on the chemical oxidation of PAH proposed possible chemical structures induced by oxidation (reproduced in Figure S4 ) and due to the negative charge of the heated PAH it is likely that carbon based acids were being formed. 18 Similar to the NMR study, Raman spectroscopy required the use of a porous particulate substrate to adsorb sufficient PAH to be at the lower detectable limit. In this instance, poly(styrene sulfonate) (PSS)-stabilized calcium carbonate (CaCO 3 ) particles were used, as they can adsorb higher quantities of polymer than SiO 2 . 28 The peak at 1450 cm -1 corresponds to the carbon backbones of both polymers. 29 The peaks at 1130 cm -1 correspond to the sulfonate group, and the two small peaks around 1000 cm -1 and the broad peak at 1600 cm -1 correspond to the aromatic portion of PSS, and the double bonds, respectively. 30 The peaks at 800 cm -1 (N-H rock), 1040 cm -1 , and 1330 cm -1 (C-N stretch) correspond to the presence of the primary amine of PAH. 31 Besides the peak intensity decrease of the primary amine at 1040 cm -1 and minor peak shifts after heating, new peaks appeared at 1080 cm -1 and 1190 cm -1 , which is a region common for N-O bonds such as nitro and amide compounds, and also for esters and ethers. For the FTIR spectrum of the unheated PAH film, the broad peak around 3500 cm -1 corresponds to the primary amine N-H stretching, the peaks around 2850 cm -1 and 2950 cm -1 correspond to the alkyl C-H stretch, the bend at 1620 cm -1 to N-H, the peak at 1550 cm -1 from in-plane N-H bending, and the peak at 1300 cm -1 to C-N stretching. [32] [33] [34] The broad peak around 1450 cm -1 is due to the carbon backbone of PAH. After heating, a decrease (though not disappearance) in the amine peaks from 1300-1650 cm -1 can be seen, along with the appearance of new peaks in the 1800-2800 cm -1 region. These data correlated well with the Raman spectrum potentially showing the appearance of N-O containing functional groups and other oxygen containing groups that are typically found in this region (Figure 3C) .
Absorbance peaks from the backbone (2850 cm -1 and 2950 cm -1 , corresponding to the alkyl C-H stretch and 1450 cm -1 , corresponding to the carbon backbone) appear to be largely unaffected in both spectra, reinforcing the hypothesis that the process may principally involve oxidation of the amine groups, similar to what was concluded in a previous report on the oxidation of PAH. 18 The NMR, Raman, and FTIR results confirmed that chemical changes took place when the thin films of PAH were heated. 
Layer-by-Layer Assembly of Single-Component Polymer Films.
The evidence that the chemical structure of the polymer changed at elevated temperatures had various implications.
The thermally induced charge reversal made it possible to assemble subsequent layers of PAH both onto particulate and planar substrates (Figure 4A, B and Figure S1 ). Self-assembly steps with intermittent heating steps allowed for linear film growth on both particulate templates and planar substrates, as measured by the fluorescence increase resulting from PAH modified with fluorescein isothiocyanate (PAH-FITC) and quartz crystal microbalance (QCM), respectively.
During layer assembly and heating, the contact angle of water on the film changed from ~65° to ~55° after the first heat step (Figure S5) . These contact angles are consistent with the standard charge reversal of electrostatically assembled LbL films although increased polymer packing with each layer may also partially contribute to this change. 35 Atomic force microscopy (AFM) measurements showed that the root-mean squared (rms) roughness of a heated (0.22 nm) and non-heated (0.24 nm) PAH film were similar (Figure S6) , which confirmed that the change in surface charge was due to chemical changes rather than polymer spreading or clumping. QCM demonstrated that no polymer was lost during the heating steps (Figure S7) , making it likely that the amine groups already interacting with the substrate were not oxidized due to the combined reasons that protonated amines are less likely to oxidize and because of the electrostatic stabilization of being coupled with a negatively charged surface. AFM on scratched planar PAH films yielded a layer thickness of ~0.7 nm for the first three layers (Figure S8) , which is in agreement with PAH layer thickness reported in the literature. 1 After depositing eight layers of PAH-FITC on SiO 2 particles, capsules were formed by removing the template particle core with HF (Figure 4C, D) . In contrast, no capsules were formed when the thermally induced charge reversal was avoided after each deposition step. Because of the gradual change in surface charge, aggregation became a factor during the heating steps, with sonication aiding in redispersion ( Figure S9) . The capsules appeared much denser than traditional LbL assembled capsules, such as PAH/PSS capsules, under optical microscopy 21 ; however, direct measurement of the shell thickness by AFM was not possible, as the capsules did not collapse. This rigidity can arise from a combination of thermal shrinking and densification, which happen, not during the initial heating process, but during the subsequent layering and heating processes, as shown in previous studies. 21 Similarly, replica particles could be prepared by adding PAH-FITC to calcined CaCO 3 particles via LbL assembly with intermittent heating steps, followed by template removal with sodium acetate (50 mM, pH4) (Figure 4E, F) . It was even found that one deposition/heat cycle was enough to assemble PAH replica particles from calcined CaCO 3 particles (Figure S10) .
PAH (and PAH-FITC) heated in the bulk solution were not capable of forming capsules or particles in any of the scenarios mentioned above, which is in line with previous studies that have found significant differences in thin film and bulk properties of polymers. [13] [14] [15] 
Cellular Binding and Protein Fouling of Thermally Charge-Reversed Films.
The chemical changes exhibited in the thin film state were not just useful for promoting singlecomponent LbL assembly, but could also be harnessed for specific applications. A related phenomenon to the self-assembly of like-charged polymers on a substrate is the spontaneous adsorption of biological materials, such as proteins or cells, to polymer films. Because the cell membrane and many proteins are negatively charged, negatively charged materials generally show decreased protein adsorption, or "fouling", and immune responses in comparison to positively charged materials. [36] [37] [38] [39] Hydrated and neutral polymers are even lower-fouling than negatively charged polymers and have been shown to prevent protein adsorption and subsequent cell uptake in vitro and in vivo. 24, 40, 41 Due to the relatively high-fouling nature of PAH 42 and the fact that modified PAH is FDA approved as sevelamer (in a drug Renagel®), we investigated whether heating changed the fouling properties and cellular binding of PAH thin films and coreshell particles, respectively. QCM results showed that the heated, planar PAH LbL films had a much lower serum-protein fouling than non-heated PAH films (Figure 5A) . Similarly, 1 µm particles coated with eight layers of PAH had far lower cell-association with mouse dendritic cells, JAWS II, after heating, when compared to non-heated films (Figures 5B and S11) . For the planar studies, there was a five-fold reduction in fouling for heated films compared to non-heated films. For the particle studies, the decrease in cell-association was slightly less, at roughly a three-fold decrease after heating for cell to particle ratios of both 100:1 (Figure 5B ) and 10:1 (Figure S11) . The overall decrease in the fouling and cell-association of the heated PAH LbL films highlights an alternative approach for engineering materials to minimize biological responses. When combined with the temperature sweep results in Figure 1 , it also suggests that some primary amines will undergo weak oxidation in vivo. In fact, after 1 h at 37 °C the ζpotential dropped by ~35 mV, suggesting that the room temperature characterization of materials destined for in vivo applications might not accurately reveal the actual physico-chemical properties of the materials in vivo. JAWS II cells, as measured by flow cytometry after incubation with eight layer PAH core-shell particles (1 µm in diameter) for 2 h at a 100:1 particle-to-cell ratio. The significance level between the two data points in A was p<0.1, and in B p<0.01.
CONCLUSION
We demonstrated the physical and chemical changes arising from heating polymer thin films based on PAH, and how these changes can be harnessed for specific applications. It was shown that heat caused chemical changes in the primary amines of PAH thin films, and that this change was dependent on the solution properties. NMR, FTIR, and Raman spectroscopy demonstrated the molecular changes of PAH, while microelectrophoresis showed the charge reversal of the heated PAH. This charge reversal was then used for single-polymer LbL assembly for the formation of capsules and replica particles. Finally, the fouling properties and cell-association behavior of the films and particles were investigated, and it was shown that heating reduces the protein fouling and cell association of PAH thin films. It was shown that similar changes can occur at physiological temperatures over a prolonged period of time, suggesting that the material properties (ζ-potential, degradation, fouling, etc.) of drug delivery systems should be investigated after prolonged exposure to physiological temperature, rather than at room temperature.
Furthermore, short periods of heat could be a way to engineer reduced-fouling properties into amine-containing drug-delivery systems.
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